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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

FORMATION O F  DETONATION WAVES I N  ITYDROGEN-OXYGEN MIXTURES 
FROM 0.2 TO 2 ATMOSPHEXES INITIAL PRESSURE 

I N  A 54-METER LONG TUBE 

BY 

Loren E. Bollinger 

SUMMARY 

Detonation induction distances and detonation veloci t ies  were 
determined in various hydrogen-oxygen mixtures i n  a 74-mm diameter 
detonation tube, 54 m e t e r s  long. 
0.2 t o  2 atmospheres at  ambient i n i t i a l  temperature. 

The initial pressures ranged from 

Results show tha t  the detonation veloci t ies  increase mono- 
tonical ly  with increasing i n i t i a l  pressure f o r  fue l  concentrations 
between 30 and 85 per cent. Over t h i s  range of fue l  concentrations, 
the detonation veloci ty  r i s e s  with increasing hydrogen concentra- 
t i c n  t o  85 per cent. 
the tube is open at  both ends. Experimental values of detonation 
veloci t ies  obtained at one atmosphere i n i t i a l  pressure agree very 
well with theoret ical  values calculated previously; the maximum 
deviation i s  s l igh t ly  i n  excess of one per cent. After a deto- 
nation wave s tab i l izes ,  i t s  propagation ra te  does not vary over 
the length of the tube. 

The detonation velocity is  not affected when 

For all fuel concentrations between 45 and 75 per cent, the 
detonation induction distance increases as the initial pressure 
is reduced from one atmosphere down t o  at least 0.2 atmosphere. 
The minimum induction distance occurs at o r  near the stoichiometric 
mixture. A t  0.2 atmosphere, the induction distance is more than 
three times tha t  observed at atmospheric pressure. 



Experimentally it was found tha t  the flame propagation r a t e  of 
mixtures containing different  fue l  concentrations was retarded near 
the end of the closed detonation tube, but remained essent ia l ly  
constant when the end was open t o  the atmosphere. 
explanation is  t h a t  the shock wave, separated by an appreciable 
distance from the combustion wave of the detonation wave, re f lec ts  
from the closed end of the tube and retards the oncoming combustion 
wave. 

A tentat ive 

INTRODUCTION 

Extensive studies of the formation of detonation waves i n  
combustible gaseous mixtures have been made i n  the past ten years. 
Some of these investigations have been purely theoret ical  while 
others have combined theory w i t h  the resu l t s  of experiments. 
References 1 t o  48 are  a selected group which i l l u s t r a t e  the type 
of resul ts  which have been obtained; a f e w  pertain t o  the study of 
the fully-established detonation wave. 

The formation of  detonations i n  mixtures of hydrogen and oxygen 
is  of par t icular  i n t e re s t  because of the technical importance of 
t h i s  propellant combination. 
a high-energy propellant system which is being developed fo r  use i n  
the rocket engines of a number of space boosters. 

Liquid hydrogen and l iquid oxygen is  

One of the problems associated with the u t i l i za t ion  of l iquid 
hydrogen and l iquid oxygen is  t h a t  of the possible development of 
an explosion o r  a detonation i n  the gaseous mixtures which resu l t  
from venting and mixing a f t e r  vaporization of the two liquids i n  
the i r  storage tanks because of unavoidable heat t ransfer .  Under 
a number of circumstances it i s  feasible t h a t  the two gases may 
m i x  and a t t a i n  explosive proportions somewhere i n  o r  about the 
vehicle. Ignit ion could occur from a number of sources. 

The explosion limits of various mixtures of hydrogen and 
oxygen at atmospheric o r  reduced pressures are  f a i r l y  well known 
(e.g., Ref. 49, p . 2 4 )  gives data fo r  a stoichiometric mixture 
of hydrogen and oxygen from 1 t o  10,000 mm Hg pressure and from 
400 to  580Oc; data are  given fo r  other f i e 1  concentrations too. 
These explosion l i m i t s  a re  known t o  be sensi t ive t o  the type and 
s ize  of container and t o  the method of ignit ion.  
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From a p rac t i ca l  viewpoint, it i s  quite feasible  t h a t  a deto- 
nation could form i n  a mixture of hydrogen and oxygen, even a t  
reduced pressure, i f  a source of igni t ion is  present. Such mixtures 
could accumulate, a t  reduced pressure, i n  the open volume between 
the stages of a booster i f  both gases accidently leaked in to  t h i s  
area. 
and temperature. 

S t ruc tura l  damage could r e su l t  from the  high overpressure 

From previous experiments (Refs. 8, 15, 18, 19, 20, 34, 37 and 
47), it w a s  known t h a t  the detonation induction distances i n  hydrogen- 
oxygen mixtures decreased when the pressure w a s  increased above one 
atmosphere; it w a s  assumed, therefore, t h a t  i n i t i a l  pressures below 
one atmosphere would cause the induction distances t o  increase. To  
determine these distances, a long detonation tube was fabricated; 
it w a s  used also with hydrogen-air mixtures which have rather  long 
induction distances (Ref. 50). A long tube, 54 meters i n  length, 
w a s  constructed and experiments were conducted t o  determine exper- 
imentally i f  any var ia t ion i n  the detonation veloci ty  could be 
measured over t h i s  distance. 

Experiments were conducted also t o  determine what e f fec t  the 
plate  a t  the ign i tor  end of the tube has upon the formation of  a 
detonation. Brinkley and Lewis (Ref. 5 l ) ,  i n  generalizing the 
c l a s s i ca l  work of Berthelot, s t a t e  t h a t  a combustion wave propa- 
gating from an open toward a closed end of a cyl indrical  tube 
f i l l e d  with an explosive mixture rapidly a t t a i n s  a steady velocity 
but does not accelerate t o  a detonation wave. 
obtained i n  t h i s  study have shown t h a t  the ign i tor  end of the 
detonation tube does not have t o  be closed i n  order f o r  a deto- 
nation t o  form i n  a hydrogen-oxygen mixture. 

Experimental resu l t s  

ExpERJ3"TAL EQUIPMENT AND PROCEDURF: 

All experiments were conducted i n  a 74-mm diameter inconel 

Detection probes were spaced along the en t i r e  length 
tube, 54 meters long, fabricated i n  18 three-meter long sections 
(Fig. 1). 
approximately 60 cm apart .  Ionization-type probes were employed 
t o  sense the passage of the flame front .  A ten-channel electronic 
chronograph w a s  used t o  measure the time intervals .  Coverage of 
the en t i r e  tube vas accomplished by conducting repeat experiments 
with the probe wires s i tua ted  i n  d i f fe ren t  probe positions. A l l  
mixtures were igni ted with Fyrofuze w i r e ,  0.005-inch diameter, 
using a 28-voit DC power supply. 
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Time intervals  were measured i n  steps of one microsecond. 
Physically, the tube was located outdoors because of i t s  length. 
To protect the equipment during the winter, a wooden framework, 
covered with c lear  p las t ic ,  was b u i l t  around the detonation tube. 
Electric heating wires were wound around the tube t o  provide 
suf f ic ien t  heat t o  prevent freezing of the water vapor a f t e r  an 
experiment and t o  f a c i l i t a t e  flushing and evacuating the tube 
pr ior  t o  i n i t i a t i n g  a new experiment. 
cables, 200 f e e t  long, connected probe wires t o  the chronograph. 
Although some cables could have been made shorter,  it w a s  essen- 
t i a l t o  keep a l l  of them the same length so tha t  the voltage 
pulses from the probes would not be dis tor ted because of a 
different capacitance load which resul ts  from the dis t r ibuted 
capacitance of the coaxial cable. 

Thirty three coaxial 

The probe wires were made from $116 AWG copper wire tha t  had 
been quadruple-coated by Teflon f o r  insulation purposes. 
nar i ly  a 22.5-volt bat tery was  connected between the coaxial 
cable and the probe wire. Occasionally higher voltages were 
employed at  the lower values of i n i t i a l  pressure. A n  e lec t r i ca l  
c i r cu i t  was  completed when the flame passed a probe and momen- 
t a r i l y  shorted the probe wire t o  ground because of the e l ec t r i ca l  
conduction properties of the flame. This voltage pulse, a f t e r  
transmission through the 200-foot long coaxial cable, w a s  amplified 
by a pulse amplifier. 
binary c i r c u i t  which actuated an electronic gate between the 
precision osc i l l a to r  s ignal  and the 1-mc electronic counters. 
Accuracy of the c rys t a l  frequency w a s  ensured by comparing the 
osc i l l a to r  output s ignal  w i t h  the car r ie r  frequency of WWV, the 
standard time and frequency radio s ta t ion  operated by the National 
Bureau of Standards. In  t h i s  area of the country and w i t h  the 
equipment used i n  the Laboratory, it is estimated tha t  the 
accuracy of the loca l  o sc i l l a to r  frequency used i n  the chronograph 

is accurate t o  at l e a s t  1 part  i n  5 x 10 
term basis. 
5, 6 and 10. 

Ordi- 

The output signal then triggered a latching 

8 on a re la t ive ly  short  
Details of the chronograph are  described i n  Refs. 

The combustible mixture i n  the detonation tube was established 
by the following method. 
were established by an appropriate control system. 
gases were mixed thoroughly i n  a mixing vessel. Afterward, the 
mixture flowed through the detonation tube f o r  a sui table  length 
of time t o  ensure t h a t  the mixture was uniform and t o  make cer ta in  
tha t  a l l  residual gases were removed. 

Known flow ra tes  of hydrogen and oxygen 
The individual 

The tube was evacuated pr ior  
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t o  each experiment. For the studies a t  low pressures, the combustible 
mixture w a s  pumped through the t u b e  by a vacuum pump. D r y  air was 
injected in to  the tube a f t e r  each experiment t o  aid i n  the removal 
of the products of combustion. In  a l l  experiments, a suf f ic ien t  
quantity of gas flowed through the  tube t o  displace i ts  free volume 
many times. No attempt was  made  t o  control the i n i t i a l  temperature 
of the gas because it was found i n  previous experiments ( R e f s .  8 
and 18) t h a t  the induction distance is re la t ive ly  insensit ive t o  
the i n i t i a l  gas temperature as long as only room-temperature var i -  
a t ions are involved. Hydrogen and oxygen w e r e  taken from standard 
cylinders. Manifold t raps ,  containing s i l i c a  gel,  were used t o  
remove moisture and o i l .  
the  s i l i c a  ge l  a t  a low temperature t o  improve i ts  efficiency. 

A freon refr igerat ion system maintained 

Data taken i n  the region where the detonation wave w a s  f u l l y  
established were quite repeatable. 
t h a t  the flame propagation ra tes  w e r e  not repeatable i n  the 
i n i t i a t i o n  region, even f o r  ident ica l  i n i t i a l  conditions of 
pressure, temperature; and composition. These variations i n  
flame propagation ra tes  i n  the induction zone probably r e su l t  
from turbulence conditions with associated "spikes" of flame 
shooting forward over a detonation probe, t i l t e d  flame fronts ,  
o r  spinning flame fronts.  Repeated experiments f o r  the same 
i n i t i a l  conditions did not give the same re su l t s  because of the 
random nature of the  process. 

Previously it had been found 

In order t o  obtain useful and meaningful data under these 
conditions, it was  necessary t o  conduct a number of experiments 
with ident ica l  i n i t i a l  conditions fo r  the gas mixture. Values of 
the various flame propagation r a t e s  f o r  each probe s t a t ion  w e r e  
averaged and graphed as a function of the distance from the igni tor .  
Both the maximum and minimum values are  indicated too. A detonation 
induction distance, based on the maximum flame propagation ra tes ,  
was  determined from the graphs as the point where the curve through 
the values of the maximum propagation r a t e s  first reaches the 
theore t ica l  value, o r  experimental values i f  theore t ica l  values are 
not available,  of the detonation veloci ty  fo r  the par t icular  set  
of i n i t i a l  conditions. Another induction distance, based on 
average values of the flame propagation ra tes ,  was  determined i n  
a similar m a n n e r .  

5 



DISCUSSION O F  RESULTS 

In general, three mixtures with d i f fe ren t  f u e l  concentrations 
were  employed in the  experiments t o  determine detonation induction 
distances. These mixtures had fuel concentrations of 45, 66.67 and 
75 per cent. 
chromatograph was ins ta l led  i n  the laboratory. After the chromato- 
graph became operational, gas samples of the combustible mixtures 
were taken during each experiment and an analysis of the composition 
was made. Previously, it was necessary t o  depend solely on accurate 
cal ibrat ion of the flowmeters. Results from the chromatographic 
analysis showed t h a t  the flowmeters could be cal ibrated suf f ic ien t ly  
accurate f o r  t h i s  type of experiment, b u t  it i s  highly desirable t o  
have a.n independent measurement of the composition. 

During the latter period of experimentation, a gas 

Resu l t s  of the experiments are presented i n  the following 
sections which are catagorized i n  terms of the i n i t i a l  pressure 
of investigation. 
the order i n  which the experiments were conducted. 

The order of presentation of  the r e su l t s  i s  not 

I n i t i a l  Pressure = 0.2 Atm. 

Experiments were conducted with mixtures of 45, 66.67, and 75 
per cent hydrogen. Results, however, were obtained only with the 
stoichiometric mixture. A t  the other two fue l  concentrations, the 
amount of ionization i n  the flame f ront  was  insuff ic ient  fo r  the 
ionization-type detector probes t o  t r igger  the chronograph. Even 
with a stoichiometric mixture,  no data  could be obtained i n  much of 
the build-up region of the detonation wave. Therefore, it w a s  
necessary t o  estimate the induction distance. The data are shown 
i n  Fig. 2. 
velocity. Results are presented i n  Table 1. The induction 
distances are appreciably longer than those which have been measured 
at atmospheric pressure. The detonation velocity i s  somewhat lower 
than the theore t ica l  value at  atmospheric pressure (Ref .  33). This 
trend follows t h a t  which was  obtained i n  the theore t ica l  calculations 
which covered the range from 1 t o  100 atmospheres i n i t i a l  pressure; 
the detonation veloci ty  increases s l i gh t ly  with increasing i n i t i a l  
pressure. 

mere  w a s  no d i f f i cu l ty  i n  obtaining the detonation 

It can be seen from the graph of the data tha t  the detonation 
wave requ i r e s  an appreciable distance t o  s t ab i l i ze  at t h i s  reduced 
pressure. A t  higher values of i n i t i a l  pressure, stable detonation 
conditions are  achieved in  a shorter distance. This resu l t ,  however, 
i s  not unexpected. 
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Initial Pressure = O.? Atm. 

Only limited experiments were conducted at this value of initial 
pressure to determine the detonation velocity of a stoichiometric 
mixture. 
ignitor to obtain the detonation velocity. The result is given in 
Table 1. 

Data were taken between 43 and 49 meters distance from the 

Initial Pressure = 0.4 Ab. 

These experiments were essentially the same as those conducted 
at 0.3 atmosphere initial pressure. The detonation velocity is 
given in Table 1. For higher initial pressures, the detonation 
velocity rises slightly. 

Initial Pressure = 0.5 Atm. 

Induction distances were determined for fuel concentrations of 
45, 66.67 and 75 per cent fuel. 
Results show that the'minimum induction distance occurs at or near 
the stoichiometric mixture similar to the results obtained at higher 
initial pressures. These distances are shorter than those measured 
at 0.2 atmospheres initial pressure and longer than those determined 
at higher pressures. The trend is that the detonation induction 
distance decreases with elevated pressure as determined over the 
range from 0.2 to 25 atmospheres initial pressure. Data used in the 
determination of the detonation induction distances for the three 
mixtures are presented in Figs. 3-5. 

Results are given in Table 1. 

After obtaining the necessary data to determine the induction 
distances, the probes were moved to a location near the end of the 
54-meter long tube to measure the steady detonation velocity. 
Besides the detonation velocities obtained for 45, 66.67, and 75 
per cent fuelmixtures, other experiments were conducted to obtain 
detonation-velocity data for mixtures containing 30, 40, 50, 60, 
70, and 80 per cent fuel concentration. 
given in Table 1 also; a graph, Fig. 6, was prepared to illustrate 
the dependence of detonation velocity upon fuel concentration. As 
can be seen from the curve of the data, very little scatter was 
present in the experimental values. A comparison of these exper- 
imental data with theoretical values of detonation velocities of 
similar mixtures at 1 atmosphere initial pressure shows that the 
latter values are higher but the trend is the same. This result 
was expected from both experimental and theoretical results obtained 
previously. 

These velocities are 

7 
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Initial Pressure = 1 Atm. . .  

The initial experiments were conducted with fuel concentrations 
of 45, 66.67, and 75 per cent. 
presented in Figs. 7-9. 
three mixtures are given in Table 1. They are shorter than those 
obtained at the lower initial pressures; also these distances are 
longer than those obtained during previous experiments with smaller 
diameter tubes (Refs. 8, 18, 20 and 47). 
in a 74-mm diameter tube, agree rather well with those measured in 
a previous study in which a 79-mm diameter tube was employed (Ref. 

Data from these experiments are 
The detonation induction distances for these 

These induction distances, 

47) 

Detonation velocities were measured at locations between 35 
and 40 meters from the ignitor for these three mixtures; additional 
data were obtained for fuel concentrations of 30, 40, 50, 60, 70, 
80, and 85 per cent. These data are graphed in Fig. 6 along with 
those obtained at 0.5. atmosphere initial pressure. At all fuel 
concentrations, for one atmosphere initial pressure conditions, 
the experimental detonation velocities are higher than those 
obtained at 0.5 atmosphere initial pressure as anticipated. At 
higher values of initial pressure, more of the energy released 
is available to increase the gas temperature and propagation 
velocities because the mount of dissociation is reduced. 

Theoretical values of detonation velocities at one atmosphere 
initial pressure (Ref. 33) fall practically on top of the curve 
drawn through the experimental data given in Fig. 6. 
comparison, Table 2 was prepared. The theoretical values (Ref. 
33) for fuel concentrations not calculated were extrapolated 
between those computed previously (30, 45, 55, 66.67, 75, 85, 
and 90 per cent fuel). 
values vary above and below the theoretical detonation velocities. 
The poorest agreement was at 45 per cent fuel concentration.where 
the experimental value exceeded theoretical velocity slightly in 
excess of one per cent. In general, however, the agreement is 
excellent . 

For closer 

These results show that the experimental 

Induction distances determined at 0.2, 0.5 and 1 atmosphere 
initial pressure are graphed as a function of fuel concentration 
in Fig. 10. For the fuel concentrations employed, the induction 
distance is relatively insensitive to fuel concentration on the 
lean side of the stoichiometric value. Based on previous exper- 
iments with hydrogen-oxygen mixtures, the induction distances 
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probably w i l l  increase sharply f o r  fue l  concentrations leaner than 
45 per cent hydrogen. 
generally increase f a s t e r  than do those i n  fuel-lean mixtures and 
these data (Fig. 10) emphasize t h i s  generalization. 

Induction distances i n  fbel-rich mixtures 

During the ear ly  portion of the experiments conducted w i t h  the 
54-meter long tube, it w a s  decided t o  make detailed measurements 
of the flame propagation ra tes  along the en t i re  tube length t o  see 
i f  any var ia t ion of the detonation velocity could be detected. 
mixture containing 72 per cent hydrogen was employed. The resu l t s  
a re  given i n  Fig. ll. Neglecting the data obtained i n  the last 
f ive  meters of tube length which a re  discussed l a t e r ,  it can be 
seen t h a t  the  velocity does not vary. The minor variations i n  
the propagation rate at specific locations along the tube length 
a re  a t t r ibuted t o  discontinuities at  the junctions of the tube 
sections. Although attempts were made t o  have smooth junctions, 
i n  some cases there were unavoidable minor discontinuities;  these 
are associated with most of the variations indicated i n  Fig. 11. 

A 

When data were taken near the downstream end of the tube 
which was closed, it w a s  found tha t  the flame propagation ra te  
dropped markedly as shown i n  Fig. ll. Numerous experiments were 
conducted t o  determine the va l id i ty  of these data. 
experiments were conducted w i t h  the cover p la te  off .  In  t h i s  
open-end tube configuration the propagation r a t e  did not decrease 
(Fig. 11). 
with tape, propagation ra tes  were obtained whose values l i e  
between those obtained with the cover plate  on and off .  Thus, 
it was  shown tha t  the retarding mechanism was generated by the 
cover plate  of the detonation tube. Data f o r  a mixture w i t h  45 
per cent hydrogen concentration also showed a retardation e f fec t  
but not as marked as tha t  obtained with the previous mixture 
(Fig. 12). 

Finally, 

When the cover plate  was loosely coupled t o  the tube 

The mechanism which causes retardation of the detonation wave 
near the closed end of the tube is  d i f f i c u l t  t o  explain on the  
basis of these experimental resu l t s  alone. A number of possi- 
b i l i t i e s  have been considered; t o  obtain adequate supporting 
data fo r  any of these theories, however, more experimental 
investigation would be necessary using instrumentation speciallly 
designed t o  resolve th i s  problem. One possible mechanism is 
discussed herein but the supporting argument is rather tenuous. 
Therefore, th i s  explanation should be regarded as a tentat ive 
one u n t i l  more studies a re  conducted t o  elucidate the mechanism. 
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The stable detonation wave i s  well-established long before it 
reaches the end of the 54-meter long tube. 
wave i s  composed of a shock wave followed by a combustion wave, the 
shock wave w i l l  reach the closed end of the tube before the combus- 
t ion  wave and r e f l ec t  f’rom the end. If there i s  an appreciable 
separation between the shock wave and the combustion wave, then the 
ref lected shock would in te r fe re  with the combustion wave and cause 
a retardation, as observed experimentally. 
the distance of separation between the shock wave and the combustion 
zone i n  a detonation wave. For the mixture containing 72 per cent 
hydrogen, the present experimental resu l t s  indicate t h a t  the separation 
distance i s  approximately 7 t o  10 meters. This amount of separation is  
somewhat d i f f i c u l t  t o  accept, but, i n  view of the lack of knowledge 
of these values, the mechanism does appear t o  o f f e r  a feasible  
mechanism t o  produce the interference and retardation effect .  
detector probes respond only t o  the presence of the flame and the 
ionized gases associated with it. 
a suf f ic ien t ly  high temperature i n  the gases behind it t o  produce 
the ionization l eve l  required t o  t r igger  the sensor probes. 

Since the detonation 

L i t t l e  is known about 

The 

The shock wave does not develop 

It does not appear feasible tha t  the retardation e f fec t  could 
be generated as a result of mechanical osc i l la t ion  of the cover 
plate. Because of the retonation wave s t r ik ing  the cover plate  
of the detonation tube at the igni tor  end, a sound wave i s  propagated 
at a high speed through the metal w a l l s  of the tube. 
reaches the cover plate  at the downstream end of the tube pr ior  t o  
the detonation wave because of the high speed of transmission through 
the metal w a l l s .  If t h i s  disturbance causes the cover plate  at  the 
impact end t o  vibrate,  weak sound waves probably are  propagated 
toward the oncoming detonation wave. Shock waves could not be 
generated instead of sound waves because of the mass and i n e r t i a  
of the system. However, there is  no mechanism which is  obvious by 
which the sound waves could retard the combustion wave. 

This disturbance 

Obviously it will be necessary t o  conduct additional studies 
t o  explain t h i s  experimental. observation. 

The data depicted i n  Fig. 11 have been replotted i n  Fig. 13 
i n  non-dimensional form. 
been divided by the theoret ical  value of detonation velocity and 
the distance from the igni tor  has been divided by the tube 
diameter. Thus, these data  represent the deviation of the 
propagation ra tes  from the theoret ical  values fo r  a given 
number of pipe diameters distance from the igni tor .  Where the 
theoret ical  or actual  detonation veloci t ies  are  known, it might 

The actual  flame propagation r a t e  has 
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be more desirable t o  present data of t h i s  type i n  non-dimensional 
form i n  order t o  f a c i l i t i a t e  comparison with data obtained i n  
tubes of different  diameter and with different  combustible 
mixtures . 

In Ref. 5 1  it i s  mentioned tha t  Shuey, studying the deto- 
nation of acetylene at various pressures i n  long tubes with 
diameters ranging from 0.25 to  4.5 inches, found t h a t  a detonation 
wave w a s  formed i n  a l l  cases after the deflagration wave t ravel led 
a distance of about 60 tube diameters i n  the i n i t i a l l y  quiescent 
gas. Since data were available from past  and present experiments, 
a check w a s  made t o  see i f  similar resu l t s  hold f o r  various 
hydrogen-oxygen mixtures. Table 3 i l l u s t r a t e s  tha t  the resu l t s  
found fo r  pure acetylene do not agree with those obtained f o r  
hydrogen-oxygen mixtures. There is  no consistent pattern evident 
from these various r a t io s  f o r  different  i n i t i a l  conditions and 
tube diameters. 

According t o  Berthelot as quoted by Brinkley and Lewis ( R e f .  
51) a detonation wave cannot be established i n  a straight 
cyl indrical  tube i f  both ends a re  open. The reasoning given is  
t h a t  no driving pressure force could be generated t o  form a shock 
i f  the product gases at the igni tor  end of the tube could exhaust 
into the atmosphere rather  than r e f l ec t  from the cover plate.  
!This assumption disregards the f r i c t i o n  at  the tube wa l l .  Once 
the flame has propagated in to  the open tube there i s  suff ic ient  
f r i c t ion  t o  allow the formation of a shock wave ahead of the 
flame. 
traveled a cer ta in  distance into the tube, the induction distance 
i n  t h i s  case must be longer than i n  a tube closed at  the ignit ion 
end of the tube. In a short  tube closed at  both ends the induction 
distance should be shorter than i n  a long tube closed a t  both ends 
because of ref lect ions of the shock wave from the closed end. To 
t e s t  t h i s  theory, a ser ies  of experiments were conducted with a 
stoichiometric mixture of hydrogen and oxygen i n  the 54-meter long 
tube. The cover plate  a t  the igni tor  was removed j u s t  p r ior  t o  
ignit ion.  The downstream end of the tube was sealed with masking 
tape a f t e r  f i l l i n g  operations were completed t o  prevent diffusion 
of air into the combustible mixture. When f i l l i n g  the tube with 
the mixture at  the igni tor  end, a paper covering was used t o  
prevent diffusion by air. Then approximately three seconds pr ior  
t o  ignit ion,  the th in  paper was  removed so tha t  the tube was  
completely open. The igni tor  wire was attached t o  two s t i f fer  
w i r e s  and inserted into the detonation tube approximately four 
t o  six inches. 

Since t h i s  wave can form only a f t e r  the flame has 
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The resu l t s  obtained, Fig. 14, were  as anticipated: All 
mixtures detonated without diff icul ty .  The measured detonation 
velocity was ident ica l  t o  t h a t  obtained previously with a 
stoichiometric mixture i n  a completely closed tube. The 
induction distance as anticipated increased an appreciable 
amount as shown i n  Table 1. 
distance was nearly twice as long as in the closed tube. 
f o r  ra ther  fuel-rich mixtures, the flame propagation rate 
ordinarily overshoots the stable detonation velocity during the 
t rans i t ion  phase from deflagration t o  detonation. 
cover plate  at  the ign i tor  end was removed, the amount of 
overshoot of t he  flame propagation rate was  reduced over t ha t  
obtained f o r  closed-tube conditions. 

For the open-end tube, the induction 
Except 

When the 

I n i t i a l  Pressure = 2 Atm. 

A small number of experiments were conducted at t h i s  pressure 
leve l  to ascertain the detonation veloci t ies  which are depicted i n  
Fig. 6 and l i s ted  in Table 1. 
than those obtained f o r  one atmosphere pressure. 
were made t o  determine detonation induction distances. 

Values f o r  a13 mixtures are higher 
No measurements 

CONCLUSIONS 

From experimental measurements it w a s  shown tha t  the deto- 
nation veloci t ies  increase monotonically with increasing i n i t i a l  
pressure fo r  all f u e l  concentrations between 30 and 85 per cent. 
The increase is s l igh t  but quite def ini te .  
hydrogen fuel concentration, the detonation velocity continues t o  
rise without indication of reaching a maxirmun. It was shown too 
tha t  the detonation velocity is  not changed when the m e t a l  cover 
plates  are completely removed f r o m  the tube pr ior  t o  ignit ion.  
From the f a c t  t ha t  a stoichiometric mixture detonated without 
diff icul ty ,  although with a greater induction distance, it can 
be concluded tha t  the cover plate  at the ign i tor  end is not 
necessary t o  create additional pressure waves t o  form the 
detonation mve. 
induction distance, the absence of a cover plate  reduces the 
overshoot i n  the t rans i t ion  region of the flame propagation rates .  
In  closed tubes, t h i s  overshoot is quite extensive f o r  many 
nixtures, especially f o r  lean fue l  concentrations. 

Up t o  85 per cent 

In addition t o  increasing the detonation 



F r o m  Table 2 it can be concluded that the experimental detonation 
velocities for fuel concentrations between 30 and 85 per cent at one 
atmosphere initial pressure agree very well with theoretical values 
calculated previously. The maximum deviation is only slightly in 
excess of one per cent, and that value occurred for only one mixture. 

It can be concluded from these results that the detonation 
induction distance continues to increase, for all mixtures between 
45 and 75 per cent hydrogen, from one atmosphere down to at least 
0.2 atmosphere. There is no obvious reason to anticipate a change 
in this trend at still lower pressures. The minimum induction 
distance occurs near the stoichiometric mixture, as far as could 
be determined with the resolution utilized, as it did for initial 
pressures up to 25 atmospheres. There is less change in induction 
distance for lean mixtures than was obtained at initial pressures 
above one atmosphere. 

It was shown experimentally that there is a retarding effect 
on the flame propagation rate near the closed end of a long tube 
which is not present with open-ended tubes. The tentative expla- 
nation offered is that the shock wave of the detonation wave reflects 
from the end of the tube and retards the oncoming combustion wave. 
From experimental data, this hypothesis requires that the shock wave 
and combustion wave of the detonation wave be separated by a rather 
large distance; in the case of a hydrogen-oxygen mixture containing 
72 per cent hydrogen, the separation is approximately 7 to 10 meters. 
Ignition delay times in these mixtures, after compression by a 
shock wave, have not been measured for these conditions of pressure 
and temperature. 

Detonation induction distances in hydrogen-oxygen mixtures 
cannot be approximated by a specific number of pipe diameters from 
the ignitor for various conditions of initial pressure and temper- 
ature in tubes of different diameter. With pure acetylene, Shuey 
has shown that the detonation is formed about 60 pipe diameters 
regardless of tube diameter. Data for hydrogen-oxygen mixtures 
show no consistent pattern. 
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TABU 1 

EXPERIMENTAL DETONATION VELOCITIES AND Il1JDUCTION DISTANCES 

P i  
(at" 

0.2 
0.3 
0.4 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0 .5 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 

__ .. 
~ 

Mole Per Cent 
Fuel 

~~ _ _  - 

66.67 
66.67 
66.67 
30 
40 
45 
50 
60 
66 -67 
70 
75 
80 
30 
40 
45 
50 
60 
66.67 
70 
75 
80 
85 
66 . 6-p 
30 
40 
50 
60 
66 -67 
70 
80 
85 

. . -. - . - 

2693 
2727 
2756 
1821 
2042 
2169 
2278 
2570 
2786 
2906 
313-2 
3320 
1840 
2065 
2208 
2310 
2602 
285 0 
2980 
3181 
3394 
3609 
285 2 
1843 
2083 
2347 
2639 
2873 
2993 
3449 
3639 

-- 

- Estimated. * 
-- Both cover plates  on detonation tube removed. 
A - Based on maxi" flame propagation rates .  
B - Based on averwe flame propagation rates .  

. . -  

Induction Distance 
(cm> 
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TABLE 2 

COMPARISON OF EXPERDENTAL DETONATION VELOCITTES AND THEOmTICAL 
VALUES FOR HYDROGEN-OXYGEN MMTURES AT 1 A T M O S m  INITIAL PFU3SSURE 

Mole 
Per Cent 
Fuel 

30 

40 

45 

50 

55 

60 

66.67 

70 

75 

80 

85 

90 
.. . 

Theoretical 
Velocitp 

(m/sec 

1845 

2 6 5  

2182 

2315 

245 9 

2610 

2826 

2965 

3173 

3400 

3627 

3796 

Experimental 
Velocity 
(m/sec  1 

1840 

2 6 5  

2208 

2310 

- 
2602 

2850 

2980 

3181 

3394 

3609 

- 

Deviation of 
Experimental Value 

From Theoretical 
(per cent) 

-0 27 

0 

1-1.19 

-0.22 

- 
-0.31 

1-0.85 

1-0.51 

+0.25 

-0.18 

-0.50 

b 

* 
F r o m  Ref. 33 
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TABLE 3 

RATIOS O F  DETONATION INDUCTION DISTANCE To TUBE DUlMETER FOR 
VARIOUS HYDROGEN-OXYGEN MIXTURES* 

~- 

P i  

atn 

0.2 

0.5 

0.5 

0 -5 

1 

1 

1 

5 

5 

5 

~ 

~ 

Per C e n t  
Fuel i n  
Mixture 

66.67 

45 

66.67 

75 

45 

66.67 

75 

45 

66.67 

75 

Tube D i a m e t e r  (a) 

15 

- 
- 
- 
- 

5 -47 

4.93 

6.30 

1-93 

1.27 

2.30 

74 

6 -75 

3 065 

3 031 

4.86 

2 -16 

2.03 

2.84 

- 
- 
- 

* 
D a t a  from R e f .  47 and present study. 
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